Objectives. We used longitudinal data from the Johns Hopkins Precursors Study to test the hypothesis that written propositional density measured early in life is lower for people who develop dementia categorized as Alzheimer's disease (AD). This association was reported in 1996 for the Nun Study, and the Precursors Study offered an unprecedented chance to reexamine it among respondents with different gender, education, and occupation profi les.
T HE cognitive reserve hypothesis is based on two key fi ndings: fi rst, that Alzheimer's disease (AD) risk is lower among those with higher education or who come from higher socio economic backgrounds, and second, that such individuals manifest symptoms of the disease at later stages ( Stern, 2006 ( Stern, , 2009 . The hypothesis posits that those with greater cognitive reserve will maintain better function at similar levels of brain disease due to an increased capacity to compensate for damage. Educational or occupational attainment, literacy, and IQ scores are commonly used proxies for cognitive reserve ( Mortimer, Borenstein, Gosche, & Snowdon, 2005 ; Richards & Sacker, 2003 ; Stern et al., 1994 ) .
Although AD patients are known to have diffi culties in writing and other linguistic domains ( Taler & Phillips, 2008 ) , there are few systematic studies of writing performance as a diagnostic or prognostic marker, and the Nun Study is unique in examining the relationship of early-life writing to subsequent AD. In a seminal paper, Snowdon and colleagues (1996) used rich data on nuns from Baltimore and Milwaukee to show that low propositional density in autobiographies written in early life was a strong predictor of poor cognitive performance in later life and of neuropathologically confi rmed AD.
Propositional density measures the complexity of written and spoken language by counting the number of interrelated ideas expressed by individuals in text or conversation ( Kintsch, 1974 ; Turner & Greene, 1977 ) . Often used in studies of aging ( Kemper, Greiner, Marquis, Prenovost, & Mizner, 2001 ; Kemper, Kynette, Rash, O ' Brein, & Sprott, 1989 ; Kemper, Marquis, & Thompson, 2001 ; Lyons et al., 1993 ) , a propositional density score quantifi es the extent to which a person is connecting ideas (via assertions, questions, etc.) rather than merely referring to entities. In addition to linking low propositional density in young adulthood to later AD diagnoses, the Nun Study researchers showed that propositional density scores were inversely correlated with the severity of AD, including neurofi brillary tangle counts in the frontal, temporal, and parietal lobes measured at autopsy ( Riley, Snowdon, Desrosiers, & Markesbery, 2005 ; Snowdon, Greiner, & Markesbery, 2000 ) . Higher propositional density has also been linked with intact cognition in late life despite the presence of AD lesions ( Iacono et al., 2009 ) .
The idea of a life-course trajectory of cognitive function has intrigued AD researchers, and propositional density has been recognized as a potential indicator of cognitive reserve. However, the demanding nature of the necessary data -measures of writing style early in life and cognitive functioning in later life for the same individuals -has made it diffi cult to replicate the Nun Study analyses.
Longitudinal data from the Johns Hopkins Precursors Study offered an unprecedented chance to re evaluate the hypothesis that propositional density in early-life writing samples is signifi cantly lower for those who developed AD in later life. We examined the relationship in a sample with gender, education, and occupation profi les very different from the nuns' and employed a novel computerized propositional density measurement tool ( Computerized Propositional Idea Density Rater [ CPIDR 3 ] ). A matched case -control design capitalized on the selected and relatively homogenous nature of the Precursors Study cohort to control for known confounders while maximizing statistical power for detecting a difference in propositional density between cases and controls.
M ethods

Sample Selection and Study Design
The Precursors Study is an ongoing prospective study of disease risk factors and health outcomes among all entering members of the Johns Hopkins School of Medicine classes of 1948 -1964 ( Thomas, 1951 . The medical school graduates in the study complete annual questionnaires listing, among other information, new diagnoses and health issues experienced in the past year. A committee of physicians then assigns codes based on the International Classifi cation of Diseases ( ICD-9-CM Millennium Edition, 2000 ) for conditions reported by respondents or family members or listed in death certifi cates. The ICD is the most widely used diagnostic classifi cation system for morbidity and mortality statistics and is designed to promote international comparability in the collection, processing, and presentation of these statistics ( World Health Organization, 2010 ) .
The Precursors Study also contains a rich archive of documentation, including personal statements written by study participants when they sought admission to the medical school. The statements, written at an average age of 22 years, provide a fi tting counterpart to the nuns' autobiographies and offer an opportunity to reexamine the association between early writing style and later cognitive outcomes.
We employed a nested case -control design with cumulative incidence sampling ( Mantel, 1973 ) from the Precursors Study cohorts. Because Snowdon et al. (2000) showed that propositional density was more strongly associated with AD than with other forms of dementia, we focused our analyses on 18 cases with reported clinical AD diagnoses. The cumulative incidence rate of AD (ICD-9 code 331.0) in the Precursors cohort is 22.1 per 100,000. Whereas the AD assessments used by the Precursors Study are not as defi nitive as postmortem neuropathological diagnoses, the conservative nature of the ICD-9 diagnoses suggest that AD tends to be under-recognized in ICD-9-based coding (see Fillit, Geldmacher, Welter, Maslow, and Fraser, 2002) . Thus, although reliance on this classifi cation may have resulted in the exclusion of unidentifi ed AD cases from our sample, our case group was unlikely to include persons with non-AD forms of dementia. (Indeed, our preliminary analyses showed that cases with an AD designation had exceptionally low propositional density not only in comparison to healthy study participants but also relative to those with other forms of cognitive impairment [4.70 vs. 4.93 propositions per 10 words, p = .03], bolstering our conviction that the AD identifi cation is meaningful.)
Each case was assigned two non-cognitively impaired controls matched on sex and age (within 1 year on average or up to 6.8 years for the oldest), for a total sample of 54. Inclusion criteria for controls were a lack of dementiarelated diagnoses and a score of 33 or above on the Telephone Interview of Cognitive Status ( Brandt, Specter, & Folstein, 1988 ), administered in 2004 . Variables describing respondents' demographic characteristics and cognitive function were extracted into the analytic data set.
Propositional Density Coding
Propositional density is measured as the ratio of expressed propositions to total number of words in a text, and often reported as the number of propositions per 10 words ( Snowdon et al., 1996 ) . Measures of propositional density in early life were constructed from the " statement of activities " prepared by applicants in response to the instruction: " Write below, in your own handwriting, a connected statement (which should be more than a list) of your general activities and intellectual interests in college (150-300 words). " (Compare this with archival information from the convent, which indicates that each sister was asked to " write a short sketch of her own life. This account should not contain more than 200-300 words and should be written on a single sheet of paper . . . include the place of birth, parentage, interesting and edifying events of one's childhood, schools attended, infl uences that led to the convent, religious life, and its outstanding events " [ Snowdon et al., 1996 ] .) Photocopies of the handwritten admissions essays were transcribed and then verifi ed for accuracy and completeness.
Following the guidelines described in a Nun Study manual (generously provided by Kemper), propositional density was assessed for the last 10 sentences of each essay, or, when essays contained fewer than 10 sentences, the entire essay. The total number of sentences in each sample was recorded to account for potential differences by essay length.
Coding was conducted using the CPIDR3 , version 3.2.2785.24603 , a novel software program that generates a propositional density score for any English text on the basis of part-of-speech tags and additional rules for adjusting the total count ( for examples, see Supplementary Appendix I ). Brown, Snodgrass, Kemper, Herman, and Covington (2008) validated the software against Turner and Greene's examples and against human raters. CPIDR3 is highly consistent, furnishing the same rating for the same sentence and eliminating the non reproducibility common to human coding.
(The essays were also evaluated for propositional density by two independent coders who were blinded to case status. In multivariate analyses, similar results were obtained using the consensus score reached by the human coders and the score generated by CPIDR. The latter, more easily reproducible results are reported here.)
Statistical Analysis
Individual matching allowed us to evaluate the effect of a risk factor of primary interest (low propositional density) while achieving the most precise possible control for the covariates of age and sex, which are known to be associated with AD. As it was not possible to match cases and controls on the exact date of birth, any remaining age difference (in days) between cases and matched controls was included as a variable in the analysis to account for potential residual confounding. Because the study sample was selected from a cohort of medical students, cases and controls were similar in educational status and intellectual achievement, which are other known confounders.
Propositional density scores were treated as a continuous variable. After calculating descriptive statistics and a t test comparing mean propositional density for cases and controls, we employed a conditional (fi xed -effects) logistic regression using Stata 10 to obtain Mantel -Haenszel odds ratio (OR) estimates ( Rothman & Greenland, 1998 ) . Conditional logistic regression offers the most robust analysis for matched data. With our 1:2 matched sample, we had 85% power to detect signifi cant differences (at the .05 level) as low as 0.26 in the average scores of the two groups ( Lachin, 2008 ) . Consistent with our hypothesis of lower propositional density for AD cases, we report one-sided p values for all tests. Table 1 summarizes the characteristics of the Precursors sample. Like the nuns (see Supplementary Appendix II ), the Hopkins medical students are a relatively homogenous population, comprising mostly white males. The average ages at the time of the writing samples (22 years) are identical for our participants and the nuns, though the mean age of cognitive assessment is somewhat earlier in the Precursors S tudy (74 and 78 years for cases and controls, respectively) than in the Nun Study (80 years).
R esults
Mean propositional density is signifi cantly lower for the cases relative to controls (4.70 vs. 4.99 propositions per 10 words, p = .01). Essays with low density tended to list activities (e.g. , " I have participated in intramural sports, basketball, softball and tennis " ), wh e reas those with higher scores provided more narrative (e.g. , " I fi nd foreign languages engrossing and I hope to continue my study of Spanish and German in the future " ). Notably, the mean scores of the medical students, who were educated in Baltimore, are substantially lower than those of the Milwaukee nuns ( Snowdon , 1996 ) but close to those of the Baltimore nuns . Table 2 lists the results of regression analyses testing the association of propositional density with case status while taking into account the matching of cases and controls. Model 1 shows considerably lower odds of AD diagnosis (OR = 0.16) for those with higher propositional density ( p = .02). When the residual age difference between cases and controls is included in the analysis ( M odel 2) to control for any remaining confounding by age, the effect of propositional density is slightly less pronounced (OR = 0.22, p = .05), though the magnitude and signifi cance of the OR continue to indicate a substantial reduction in AD risk for those whose writing exhibited higher propositional density.
D iscussion
The Precursors Study provided an unprecedented opportunity for re examining the Nun Study fi ndings among respondents with markedly different gender, education, and occupation profi les. Our results indicate that propositional density in early-life writing is associated with a later-life AD diagnosis in a sample of mostly male medical-school graduates. Low propositional density scores might identify those at greater risk of developing AD, wh e reas the ability to produce idea-packed sentences in young adulthood could be an early signal of cognitive reserve, an active buffer against the effects of neuropathology. Though the observed difference in propositional density between cases and controls was considerably smaller in the Precursors Study than it was among participants in the Nun Study, it was statistically signifi cant in a simple test of mean differences and in a more robust regression analysis.
Whereas the Nun Study consisted exclusively of women, more than 72% of the Precursors Study participants were male. It has long been known that females tend to perform better than males at tasks involving verbal fl uency, perceptual speed, and verbal and item memory ( Kimura, 1996 ) . Sex differences in size (adjusted for overall brain volumes) have been reported for numerous cortical regions, including those infl uencing language, such as the superior temporal gyrus and Broca's area ( Goldstein et al., 2001 ; Harasty, Double, Halliday, Kril, & McRitchie, 1997 ; Schlaefer et al., 1995 ) . Recent studies have not, however, established any consistent or statistically signifi cant neurobiological basis for sex differences in language function ( Ihnen et al., 2009 ; Sommer, Aleman, Somers, Boks, & Kahn, 2008 ) . Although sex differences have not been linked to odds of diagnosed AD, the same level of AD pathology (neuritic plaques and neurofi brillary tangles) is more likely to be clinically diagnosed as AD in women than in men ( Barnes et al., 2005 ) . Our matched design controlled for potential sex differences in the pooled analysis, and propositional density differences between cases and controls were apparent in this predominantly male sample.
The Precursors sample differs from the nun sample on common proxy measures of cognitive reserve including education, occupational attainment, and socioeconomic status. Wh e reas most of the nuns completed a high-school diploma before entering the convent, the Precursors Study participants completed undergraduate education prior to entering medical school. The majority of nuns subsequently earned a bachelor's degree, wh e reas the Precursors Study members earned a medical degree. The nuns were professionally engaged in teaching, and the Hopkins graduates had careers in medicine or related fi elds. As members of a religious community, the nuns took vows of chastity, poverty, and obedience and shared a common lifestyle. The opportunities open to graduates of a prestigious medical school likely led the Precursors Study participants to lifestyles quite distinct from those of the nuns.
Though higher income and increased educational and occupational attainment are jointly and independently protective against dementia ( Richards & Sacker, 2003 ; Stern et al., 1994 ) , propositional density scores in the Precursors Study were lower than those for the nuns. This fi nding might refl ect varied writing styles across the two populations (potentially associated with differences in sex composition, occupation, or other characteristics), differences in their essay prompts, or distinctions in the motivation with which the two groups approached their writing.
Notably, the nuns' propositional density was assessed by humans, wh e reas our results are based on computergenerated scores. However, Brown et al. (2008) reported high correlation ( r = .97) between CPIDR's scores and those by humans, and results for our sample using handcoded scores (not shown) did not differ substantially from those reported above .
A few potential limitations have to do with the selection of cases and controls. First, selecting cases nested in a cohort makes it diffi cult to distinguish between the exposure/ disease and exposure/survival associations. Because Snowdon, Greiner, Kemper, Nanayakkara, and Mortimer, (1999) showed higher all-cause mortality for those with low propositional density, it is possible that individuals with lower propositional density died before developing AD. However, the relative youth of the sample may mitigate this potential selection bias. Furthermore, cases were identifi ed based on assessment of study data by a team of medical experts following ICD-9 guidelines, not via a defi nitive postmortem neuropathological diagnosis. Due to this classifi cation system, our study may have excluded AD cases from the sample, but was unlikely to include cases with non-AD forms of dementia. Notably, this type of potential classifi cation error would bias our analysis against a signifi cant result, rendering the signifi cant association we report above conservative.
Finally, due to the cumulative incidence sampling procedure , all study participants who were not diagnosed with cognitive impairment at the time of sampling (2007) were eligible for inclusion as controls. It remains possible that current controls may become cases in the future and that the propositional density association we found applies particularly to early-onset AD. This potential misclassifi cation would also bias the results toward the null hypothesis of no difference between the groups and again render our fi ndings conservative. Further analysis as the study cohort ages may allow more defi nitive conclusions about the longitudinal relationship of linguistic complexity with cognitive pathology.
An association between cognitive ability measured in early life and information-processing speed at older ages was reported by Luciano and colleagues (2009) , though the correlation was lower in carriers of the APOE-e4 allele. Distinct from markers of biological vulnerability to AD such as APOE-4, propositional density potentially refl ects cognitive reserve, a factor that infl uences the brain's capacity for compensation through life span pathways that remain to be elucidated. Due to the selected nature of the Precursors sample, further studies involving participants with more varied educational, socioeconomic, and racial/ethnic backgrounds are needed. Alt h ough it remains unclear whether writing idea-dense prose is a protective activity or an indicator of underlying cognitive reserve, it is a compelling marker of AD risk that could be benefi cially incorporated into future studies of cognitive change across the life course.
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